We have developed a novel dual-fluorescence reporter system incorporating green (GFP) and red (RFP) fluorescent proteins to monitor expression of the N-ras m gene and an N-ras m suppressor, respectively. Retroviral vectors were produced in which human N-ras m (codon 13 mutation) was coexpressed with GFP, and a ribozyme specifically targeting N-ras m was coexpressed with RFP. N- 
A cute myeloid leukemia (AML) is the most common form of leukemia in adults. 1 The standard protocols of multiagent chemotherapy regimens fail to cure more than half of patients due to the emergence of dominant subclones of leukemia cells resistant to these therapeutics. 1 Chemotherapy or radiotherapy followed by bone marrow transplantation is associated with considerable morbidity and mortality and both yield only modest improvements in the overall survival of AML patients. 1 Thus, new therapeutic options are required for AML. The genetic lesion(s) in AML appears to originate in primitive hematopoietic stem cells resulting in aberrant proliferation and differentiation. 2, 3 Activating mutations of N-ras in codons 12, 13 or 64 have been reported to occur in 20-40% of patients with AML and in 30% of patients with myelodysplastic syndromes (one-third of which develop into AML). [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Thus, activated N-ras appears to be a relevant target for a rational drug-design-based therapy for AML. Direct inactivation of the Ras signaling pathway can be achieved by several different approaches. Antisense and ribozyme targeting of mutant Ras genes have both been shown to produce antitumor activity in model systems. [14] [15] [16] [17] [18] [19] A variety of agents are being developed, some of which have moved into clinical trials. These agents tend to inactivate downstream effectors of the Ras signal cascade, particularly the protein kinases. 20, 21 The development and assessment of novel gene therapeutics targeting Ras have been hampered by the lack of suitable preclinical in vitro model systems. In the existing models, monitoring of Ras suppression and particularly the identification of candidate ras suppressors is problematic. A major obstacle in assessing Ras suppressor activity is that positive activity results in loss of cell growth and viability, 15, [17] [18] [19] which renders them difficult to identify.
Here we demonstrate that the combination of two fluorescent reporters can be used to monitor ras suppression and examine target/suppressor dose effects. To achieve this, one reporter (GFP) was coexpressed with N-ras m 22 and the other reporter (RFP) 23, 24 was coexpressed with a ribozyme previously shown to specifically suppress N-ras m . 14, 15 We show that ribozyme-mediated ras suppression inhibits growth in NIH3T3 and TF-1 cells, but produces a growth advantage in K562 cells since N-ras m expression inhibits growth in the K562 cells. Similar effects were produced by two other inhibitors of Ras signaling, namely the MEK 1/2 and PI3 kinase inhibitors. Thus, K562 cells (or cells with a similar response) modified to express oncogenic Ras and reporter appear to be useful for in vitro screening of ras suppressors since positive activity in this system produces a selective growth advantage.
Materials and methods
The cDNA for GFP was excised from the pGFPtpz-b [R] vector (Canberra Packard, CT) and inserted into pCITE4a (+) (Novagen, Madison, NI), which contains the human encephalomyocarditis virus internal ribosomal entry site (IRES) allowing for independent translation of proteins from a single RNA transcript. The resulting IRES-GFP cassette was excised and inserted into the retroviral backbone pL9XL prepared by deletion of the neo gene from pLNL6, resulting in pL9IGFP. The cDNA fragment for human N-ras containing a G-C transversion in position 763 of codon 13 (N-ras m ) was excised from pCDN3-NRASC (a gift from Dr M Grez) and inserted into pL9IGFP to create pL9NrIGFP. pL9RFP was made by insertion of the Not1/Sal1 fragment of RFP cDNA excised from pDsRed-N1 (Clontech, Palo Alto, CA) into pL9XL. The hammerhead ribozyme MRE763C designed to specifically cleave the N-ras m transcript 14, 15 was synthesized as two complementary synthetic oligonucleotides carrying linkers with BamH1 and Not1 restriction sites at the 5 0 and 3 0 ends, respectively. This ribozyme was inserted into pL9XL to generate L9Rz. The ribozyme sequence within L9Rz was confirmed by sequencing using a 5 0 -gag primer. cDNA encoding RFP was inserted upstream of the ribozyme to generate L9RFPRz. The sequences of the oligonucleotides used for the synthesis of the ribozyme were as follows:
sense: 5 0 GATCCCCAACACCTGATGAGCGTTAG-CGAAACCTGCTGC3 0 , antisense: 5 0 GGCCGCAGCA-GGTTTCGCTAACGCTCATCAGGTG 3 0 .
Cell culture
All adherent cell lines (Ccre, PA317, PG13, NIH3T3, 293 and 293T) were maintained in Dulbecco's modified Eagle's medium (DMEM, GIBCO, Gaitherburg, MD). Human leukemic K562 and TF-1 cells were grown in Roswell Park Memorial Institute (RPMI) 1640 medium (GIBCO BRL) supplemented with 10% fetal calf serum (FCS) (GIBCO BRL), 0.2 mM glutamine, 50 U/ml penicillin and 50 mg/ml streptomycin. Human recombinant IL-3 (10 ng/ml) was added to the medium for growth of TF-1 cells. All cell lines were obtained from ATCC.
Generation of retroviral producer cells
Vesicular stomatitis virus (VSV-G)-pseudotyped viruses were produced by cotransfection of retroviral vector DNA, with two other plasmids encoding gag-pol and the gene encoding VSV-G-envelope, into 293T cells using lipofectamine (Life Technologies, Grand Island, NY). To generate stable packaging cell lines, cells were infected with VSV-G-pseudotyped viruses to produce ecotropic (Ccre cells) or gibbon ape leukemia virus (GALV) (PG13 cells)-pseudotyped virions. In addition, PA317 cells were infected with ecotropic viruses to produce amphotropic virions. Cells were sorted by flow cytometry based on their levels of fluorescence, and dilutional cloning was performed to choose clones with the highest viral titer. Virus-containing preparations were produced by the addition of fresh medium to 70% confluent cultures. Virus was harvested 16 hours later and passed through a 0.45 mM filter to remove cellular debris before being used for infections. Virus titration was performed by serial dilution of viral supernatants which were used to infect 293 or NIH3T3 cells. Cells were seeded at 1 Â 10 5 cells/ml in six-well plates with 2 ml of virus per well. Polybrene, 8 mg/ml (GIBCO BRL, Grand Island, NY), was added to each well followed by incubation overnight at 371C. The medium was then replaced with 2 ml of fresh culture medium. Transduction efficiency was analyzed by flow cytometry measurement of fluorescence produced at 48 hours (GFP) or 72 hours (RFP) following infection. Viral titers were expressed as infectious units (IU) per milliliter.
To test for replication-competent retrovirus (RCR), infected cells were passaged for 2 weeks. Overnight conditioned medium from the infected cells was harvested and placed on fresh 293 or NIH3T3 cells with polybrene and flow cytometry analysis was performed 48-72 hours later. Cells were considered free of RCR if no fluorescent cells were detected.
Infection of target cells was performed by overnight incubation with virus containing medium (VCM). To produce cells expressing both reporter genes, cells infected with L9RFP or L9RFPRz viruses were sorted to enrich for RFP-positive cells, and then incubated overnight with either the L9IGFP or L9NrIGFP VCM.
TF-1 and K562 cells were transduced overnight with L9IGFP or L9NrIGFP VCM, and 48 hours later were cocultured overnight with L9RFP or L9RFPRz virusproducing cells. Nonadherent cells were collected and separated from adherent producer cells by three rounds of attachment to the culture dish. Analysis of fluorescence in target cells was always performed in the nonadherent fraction to exclude adherent producer cells that could potentially contaminate target cell culture. In addition, target cells were readily distinguishable from virus producer cells by their forward and side scatter characteristics (FSC and SSC) during flow cytometric analysis of fluorescence.
Flow cytometry
Flow cytometry was performed using an FACSort (Becton Dickinson, San Jose, CA) with at least 10,000 events acquired. Acquisition control and analysis were performed using CellQuest software. Debris and clumped cells were gated out using forward scatter (FSC) vs side scatter (SSC) dot plots, and the FL1 and FL2 channels were used to measure GFP and RFP fluorescence, respectively.
Northern analysis
Total RNA was isolated from cells using TRIzol reagent (GIBCO BRL) according to the manufacturer's protocol. RNA (10-20 mg) was loaded on a 1% agarose formaldehyde gel. Blotting was performed using Hybond-N + paper (Amersham, Little Chalfont, Buckinghamshire, England). Membranes were probed with 32 P-labeled probes specific for the packaging site of all retroviral vectors used in this study. Quantification of the signal intensity was performed by densitometry using Image Quant software (Molecular Dynamics, Sunnyvale, CA). Signals were normalized to 18S rRNA expression determined by ethidium bromide staining of the gel.
Analysis of cell cycle and apoptosis
Sample preparation for cell cycle analysis was performed as previously described. 25 Briefly, cells were washed with phosphate-buffered saline (PBS) and stained with propidium iodide (PI) (50 mg/ml) in the presence of 0.1% Triton X-100, 0.1% sodium citrate and RNase (500 U/ml) for 1 hour at 41C. DNA staining was measured by flow cytometry in the FL2 channel. Apoptotic cells were identified as cells with less than a 2 N DNA content (sub-G 1 -cells). All experiments were performed in triplicate.
Clonogenic assay
Colony-forming ability was assessed by plating 1-2 Â 10 3 cells/ml in 0.8% methylcellulose in triplicate. Colonies were scored on day 7. Statistical analysis was performed using Student's t-test.
Immunocytochemistry
Cells were fixed in 3% paraformaldehyde for 30 minutes at 41C, washed three times for 5 minutes each with Trisbuffered saline containing triton (TBS/T) (50 mM TrisHCl, pH 7.2), 150 mM NaCl, 0.1% Triton X-100), and then fixed in 100% methanol at À201C for 10 minutes. Cells were then washed three times for 5 minutes each with TBS/T and incubated in blocking buffer (5% fetal bovine serum in TBS/T) for 60 minutes at room temperature. Cytospin preparations were made on glass slides and incubated with the primary antibody overnight at 41C. Cells were then washed three times with TBS/T and incubated with secondary antibody for 1 hour. Detection was performed using reagents from the mouse rapid staining kit (Sigma Immuno Chemicals) according to the manufacturer's protocol. Primary antibodies used were polyclonal anti-N-Ras (C-20) (Santa Cruz Biotechnology, Inc, CA) antibody diluted 1:50, polyclonal phospho-p44/ 42 MAP kinase (Tr202/Tyr 204)-specific antibody (Cell Signaling, Technology, Inc., MA) diluted 1:100 and antiphospho-p90rsk (Ser 381) antibody (Cell Signaling, Technology, Inc., MA) diluted 1:1000. Polyclonal Rabbit IgG (Oncogene Science, Bayer Corporation, Cambridge, MA) diluted 1:100 was used as a control. Anti-rabbit IgG, HRP-linked Antibody (Cell Signaling Technology, Inc., MA) was used as the secondary antibody diluted 1:100.
Treatment with inhibitors of Ras signaling
Two inhibitors of Ras signaling were used: MEK1/2 inhibitor (U0126) and PI3 kinase inhibitor (LY294002), both from Cell Signaling Technology, Inc., MA. The inhibitors were used at 10 mM following dissolution in DMSO as recommended in the manufacturer's protocol. Control cells were incubated in 0.1% DMSO alone. K562 cells were incubated with either of the inhibitors or 0.1% DMSO alone for 48 hours, and then one-half of the medium was replaced with fresh medium without inhibitor or DMSO. Cell counts, GFP expression and the parameters FSC and SSC were measured generally 48 hours following addition of the inhibitors. In addition, aphidicolin (10 mg/ml), an inhibitor of DNA polymerase, or nocodazole (0.1 mg/ml), which inhibits spindle formation (both from Sigma-Aldrich, St Louis, MO), was added to cells for 48 hours, and analysis of cell cycle and GFP expression were performed by flow cytometry.
Results

Analysis of N-ras m suppression in NIH3T3 cells
A bicistronic L9NrIGFP retrovirus was constructed to coexpress N-ras m and GFP (Fig 1) . In this vector, transcription of both genes is driven by the MoMLV LTR and generates a common RNA transcript. The presence of the IRES sequence enables independent translation of both genes. The control L9IGFP virus lacks the cDNA encoding N-ras m . To suppress N-ras m , we constructed a retroviral vector that expresses a fusion protein of RFP and anti N-ras m ribozyme -termed MRE763 which has been previously shown to specifically cleave the N-ras m transcript in vitro and suppress N-ras m in HeLa-and TF-1 cells 14, 15 (Fig 1) . In addition, a control (Fig 1) . When NIH3T3 cells were infected with either L9NrIGFP or L9RFPRz viruses, a significant proportion of fluorescent cells was seen 48 hours (GFP) or 72 hours (RFP) following infection (Fig 2a) . Morphological transformation presumably due to N-ras m expression was seen in cells with high GFP expression (FL-1410 3 ); cells exhibited a ''criss-cross'' morphology and were easily detached from the dish (data not shown).
When NIH3T3 cells were coinfected with L9RFPRz and L9NrIGFP viruses, four distinct populations of cells expressing (i) GFP alone, (ii) RFP alone, (iii) both fluorescent markers and (iv) no fluorescence were seen (Fig 2a) . Similar populations were seen in cultures infected with L9NrIGFP virus and control L9RFP virus, or with control L9IGFP virus and L9RFPRz viruses (Fig  2a) . GFP expression measured in gated double-positive cells expressing both N-ras m and the anti-N-ras m ribozyme was lower compared to GFP measured in GFP-positive cells expressing N-ras m only (Fig 2a) . Northern blot analysis revealed that expression of the 4.1 kb retroviral transcript encoding both N-ras m and GFP, in RNA isolated from the sorted GFP-positive-only cells that did not express 2.4 kb RFP/Rz RNA (Fig 2b, lane 1) , was much higher compared to double-positive cells expressing 2.4 kb RFP/Rz transcript (Fig 2b, lane 2) . As expected, double-positive cells expressed a 2.4 kb RFP/Rz transcript which was not seen in GFP-positive-only cells (Fig 2b) . We further demonstrated that N-ras m and ribozyme RNA expression correlated with GFP and RFP fluorescence, respectively (Fig 2c and d) . This was tested in established clonal cell lines derived from NIH3T3 cells infected with L9NrIGFP and L9RFPR 3 R 3 respectively. Thus, N-ras m (GFP) and ribozyme (RFP) RNA expression can be monitored by measurement of the appropriate fluorescence. (Fig 2e, i and ii, right-side gates in each figure). MFI for GFP was measured in each gate and normalized to the background level of FL-1 fluorescence as measured in the relevant gate in GFPnegative cells (left-side gates in each figure). When normalized, GFP fluorescence was plotted against MFI for RFP as measured in each gate in GFP-positive cells, an inverse correlation was found between GFP expression and RFP expression (Fig 2e iii) . An approximate 75% reduction in GFP fluorescence occurred in the first four gates while the subsequent increase in RFP fluorescence in the fifth gate affected GFP expression only marginally (Fig 2e iii) . These results indicate that effective N-ras (Fig 3a) . Ribozyme expression did not affect GFP fluorescence in TF-1 cells infected with L9IGFP virus (Fig 3b) . These data indicate that ribozyme-mediated N-ras m suppression inhibited the growth of TF-1 cells.
N-ras m suppression by ribozyme in K562 cells
We next turned our attention to K562 cells. When K562 cells were infected with L9NrIGFP virus, the proportion of GFP-positive cells with an MFI greater than 10 2 was observed to gradually decline over time (Fig 4a) . This was not seen in cells infected with the control L9IGFP virus, implying that this growth suppressive effect was due to N-ras m expression (Fig 4a) . We sorted K562 cells infected with L9NrIGFP to obtain populations that were GFP high (MFI410 2 ) and GFP low (10 1 oMFIo10 2 ) cells. When compared to GFP low K562 cells, GFP high K562 cells produced less colonies in semisolid culture; this was not seen in K562 cells infected with control L9IGFP virus ( Table 1) . Cell cycle analysis revealed a high proportion of cells with a subgenomic DNA peak (21.5%), characteristic of apoptosis in GFP high , but this was not seen in GFP low cells nor in GFP alone cells (Fig 4b) . In addition, K562 cells infected with L9NrIGFP exhibited multiple polyploid cells (21%) compared to a much lower amount in control K562 cells (2%) infected with L9IGFP virus (Fig 4c i) ; the cells also exhibited strong green fluorescence (Fig 4c ii) . Multiple giant cells with ruffled cell surface and aberrant mitotic cells were also seen in K562/ Ras cells, suggesting that high N-ras m expression affects cells morphology and interferes with mitosis (Fig 4c iii) . In addition, flow cytometry analysis of K562 cells infected with L9NrIGFP virus also revealed morphologically aberrant cells with increased fluorescence measured in both SSC and FSC channels indicative of the increased cell surface granularity and cell size (data not shown). The proportion of SSC high cells correlated with the level of GFP fluorescence (Fig 4d) , suggesting that morphological transformation of K562 cells is N-ras m -dose dependent. In addition, the percentage of SSC high /GFP high cells was found to decline with time (Fig 4d) suggesting that morphologically transformed K562 cells with high levels of N-ras m expression were very unstable and underwent apoptosis.
Since these effects appeared to be N-ras m -dose dependent, we next asked whether suppression of Ras signaling inhibited these effects. First, we analyzed the effect of ribozyme-mediated ras suppression. K562 cells infected with L9RFPRz or L9RFP virus were infected with L9NrIGFP virus. Northern analysis of RNA isolated from sorted double-positive cells revealed reduced expression of the 4.1 kb N-ras m /GFP transcript in ribozyme-expressing cells (Fig 5, lane 1) compared to ribozyme-negative cells (Fig 5, lane 2) . Clonogenic assay showed that sorted double-positive ribozyme-expressing cells produced more colonies in methycellulose cultures when compared to double-positive ribozyme-negative cells (Table 2 ). In addition, cells expressing RFP/Rz exhibited a reduced proportion of SSC high cells and apoptotic cells compared to RFP-only-expressing cells (data not shown); all indicative of N-ras suppression. Apparently, increased clonogenic activity of ribozymeexpressing cells results from the reduced apoptosis due to N-ras m suppression. We next sought to determine whether inhibition of Ras signaling downstream of ras rescues L9NrIGFP-infected K562 cells from apoptosis. First, we demonstrated that enforced expression of N-ras m assessed by indirect immunostaining using N-Ras-specific antibody (Fig 6a  and b) was accompanied by the increased phosphorylation of at least two downstream Ras targets, namely p90rsk (Fig 6c and d) and MAP kinase (Fig 6e and f) . When K562/Ras cells were treated with the U0126, known to specifically inhibit MAP kinase signaling, they exhibited lower phospho-p44/42 MAP kinase-specific staining (Fig 6f and h ). This was accompanied by an increased percentage of GFP-positive cells compared to untreated cells (Fig 7) . It is relevant that the proportion of GFP-positive cells declined from 70 to 30% from days 2 to 9 in untreated cells, indicating that inhibition of Ras signaling delayed the decline of GFP-positive cells (Fig 7) . By comparison, U0126 did not affect the percentage of GFP-positive cells in K562/GFP cells (Fig 7) . It is relevant that another inhibitor of Ras signaling, LY294002, which specifically suppresses PI3 kinase phosphorylation, also delayed the decline of GFP-positive cells in K562/Ras cells, similar to U10126 (Fig 7) . Thus, activation of MAP-and PI3 kinase pathways appears to contribute to N-ras m -induced growth suppression, and inhibition of each of these pathways rescued K562 cells from N-ras m -induced growth suppression. It is relevant that both of these Ras inhibitors induced similar levels of apoptosis in K562/GFP and K562/Ras cells (approximately 20% for U0126 and 30% for LY294002), indicating that the normal functioning of (Fig 8) .
Discussion
Mutations in the ras gene are among the most common genetic abnormalities in cancers particularly pancreatic cancer and AML. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Mutant ras has previously been used as a target for genetic suppression. [14] [15] [16] [17] [18] [19] Anti-K-ras ribozymes were shown to produce antitumorigenic effects in human colon, pancreatic and lung cancer cells. [17] [18] [19] In the present study, we made use of two fluorescent reporters, GFP 22 and RFP, 23, 24 to specifically monitor expression of N-ras m and an anti-N-ras m ribozyme (termed MRE763), respectively. The latter ribozyme was previously shown to specifically cleave N-ras m sequences in vitro and inhibit N-ras m expression in vivo in Hela and TF-1 cells. 14, 15 Both GFP and RFP are efficiently excited by a conventional 488 nm argon laser as used in standard flow cytometry. Excited in this way, both GFP (fluorescein) and RFP (rhodamine) are readily detectable using commonly available filters. These characteristics make GFP and RFP very useful for duallabeling experiments. Here, we show that when GFP-and RFP-encoding genes are incorporated in a retroviral 
2 ) cells were sorted 2 days following infection and plated into methylcellulose cultures in triplicate, 500 cells/ml. Average number of colonies/milliliter7SD are shown. *P > 0.05; **P = 0.001.
Selection of ras suppressors by dual fluroscence system A Dolnikov et al vector, stable virus packaging lines can be generated, and the consequent virus used to transduce various mammalian cell lines. The expression analysis of both reporters at a single cell level can be easily performed using a conventional one-laser instrument with standard filter settings.
We next demonstrated that the use of these bicistronic vectors allows rapid and specific identification of N-ras and N-ras suppressor gene transfer and expression in living cells. In addition, these two vectors were found to be useful for in vivo evaluation of the transforming potential of the N-ras m gene and the suppression potential of an N-ras-specific ribozyme in potential gene therapy applications. In this work, we demonstrate that reporter fluorescence can be used to measure the level of gene expression when the gene under analysis and the reporter gene are coexpressed within bicistronic retroviral vectors. Selection of ras suppressors by dual fluroscence system A Dolnikov et al effectors, MAP and PI kinases, appeared to rescue K562 cells from N-ras m -induced apoptosis. This feature may be useful in future as a basis for the screening of suppressors of Ras signaling. It is relevant that these viruses efficiently infect primary hematopoietic progenitor cells, namely human cord blood CD34+ cells and we were able to show an effect of N-ras m to induce premature growth arrest and myeloid differentiation (S Shen, A Dolnikov, G Symonds, unpublished data). Additionally, this system could be used as a positive screen for other genes (like ras) that have a duality of effect (growth promotion, growth suppression) in different cell types and/or different growth conditions.
